Aims/hypothesis The worldwide incidence of obesity and diabetes continues to rise at an alarming rate. A major cause of the morbidity and mortality associated with obesity and diabetes is heart disease, yet the mechanisms that lead to cardiovascular complications remain unclear. Methods We performed cardiac MRI to assess left ventricular morphology and function during the development of moderate obesity and insulin resistance in a well-established canine model (n=26). To assess the influence of dietary fat composition, we randomised animals to a traditional lard diet (rich in saturated and monounsaturated fat; n=12), a salmon oil diet (rich in polyunsaturated fat; n=8) or a control diet (n=6). Results High-fat feeding with lard increased body weight and fasting insulin and markedly reduced insulin sensitivity. Lard feeding also significantly reduced left ventricular function, evidenced by a worsening of circumferential strain and impairment in left ventricular torsion. High-fat feeding with salmon oil increased body weight; however, salmon oil feeding did not impair insulin sensitivity or cardiac function.
Introduction
Heart disease is the leading cause of death in the United States, and a substantial number of cases can be linked to obesityrelated behaviours such as physical inactivity and unhealthy diets [1] . Current global estimates are that more than 1.4 billion adults are overweight; of these, approximately 500 million are considered obese (11% of the world population) [2] . The exact mechanisms by which obesity leads to heart disease, however, remain poorly understood.
Obesity increases traditional cardiovascular risk factors such as hypertension, hyperlipidemia and type 2 diabetes mellitus. Obesity may also have direct cardiovascular consequences, including altering circulatory haemodynamics. To examine the underlying mechanisms involved in the early development of heart disease, we studied our well-established canine model of diet-induced obesity and insulin resistance [3] [4] [5] [6] [7] . In our hands, this model has been critical in elucidating the relationship between insulin sensitivity (S I ) and hyperinsulinaemic compensation to determine individual risk for the development of diabetes [8] . Additionally, this model has clarified the time course of impairments in glucose tolerance and S I and subsequent compensatory hyperinsulinaemia, as assessed by the acute insulin response to glucose (AIR g ) [9] . Whether high-fat feeding also influences cardiac function in this model remains unknown.
Accordingly, we designed the present study to assess cardiac function in our lard-fed canine model: this diet is high in saturated and monounsaturated fat. We compared this fat diet with one supplemented instead with salmon oil, a rich source of polyunsaturated fatty acids (PUFAs), to determine the influence of dietary fat composition per se on cardiometabolic outcomes. Indeed, dietary supplementation with PUFAs is suggested to provide cardioprotective benefits [10] ; however, previous studies have typically used PUFAs to supplement a standard or high-fat diet rather than completely substituting one type of fat for another [11] . We hypothesised that lard feeding would cause cardiac dysfunction in association with insulin resistance and that these changes would not be induced by a diet rich in PUFAs. We further hypothesised that the cardiac dysfunction observed in the lard-fed animals would be associated with ectopic fat deposition in cardiomyocytes (i.e. cardiac steatosis), as measured by magnetic resonance spectroscopy (MRS).
Methods Animals
Male mongrel dogs (Antech, Barnhart, MO, USA; n=26, >1 year old, 31.1±3.1 [mean ± SD]) were housed in the Cedars-Sinai Medical Center vivarium under controlled kennel conditions (12 h:12 h light:dark cycle). Animals were accepted into the study following physical examination and a comprehensive panel of blood tests. Dogs were included in experiments only if judged to be in good health, as determined by visual observation, body temperature and haematocrit. All experimental protocols were approved by the Cedars-Sinai Medical Center Institutional Animal Care and Use Committee.
Diet
Dogs were fed a standard daily diet of one can of Hill's Prescription Diet (415 g; 10% carbohydrate, 9% protein, 8% fat, 0.3% fibre and 73% moisture [Hill's Pet Nutrition, Topeka, KS, USA]) and 825 g dry chow (40% carbohydrate, 26% protein, 14% fat, and 3% fibre [mixture of Laboratory HDL Canine Diet and Prolab Canine 2000, Richmond, IN, USA]) for 2 weeks prior to participation in the study. Food was presented from 9:00 to 10:00 each day and consisted of 14,970 kJ/day: 38% from carbohydrates, 26% from protein and 36% from fat. Following baseline experiments, animals were randomly assigned to a control, lard or salmon oil diets, on which they remained for the duration of the study. Animal batches were randomly assigned to dietary groups using the random number generator in Microsoft Excel. The control group remained on the standard diet (n=6). For the high-fat diet groups, the standard diet was supplemented with 6 g/kg of either rendered pork fat (lard, n=12) or salmon oil (n=8), resulting in high-fat diets of identical macronutrient content consisting of 21,025 kJ/day comprised of 27% carbohydrate, 19% protein and 53% fat. Diets were given for 6 weeks, according to the standard lard-fed protocol used in our laboratory to develop diet-induced insulin resistance in this model. A schematic diagram of the protocol is shown in Fig. 1 . Each animal underwent baseline assessments, which were repeated after 6 weeks. A subset of eight lard-fed animals was intermediately assessed after 2 weeks.
MRI and MRS
MRI and MRS were performed before and after high-fat feeding using a 3.0 T whole body scanner (MAGNETOM Verio, Siemens Healthcare, Erlangen, Germany). Prior to imaging, dogs were fasted overnight and initially sedated with acepromazine (0.1 mg/kg, s.c.) and then anesthetised with propofol (3.7 mg/kg, i.v.). The animals were then intubated and mechanically ventilated with room air supplemented with oxygen; anaesthesia was maintained with 1-2% isoflurane. A catheter was placed in a forelimb vein for the i.v. administration of fluids. A second catheter was placed in a hindlimb artery for the measurement of peripheral BP. Heart rate (electrocardiography) and BP were monitored using a magnetic resonance compatible monitoring system (Expression, Invivo, Gainesville, FL, USA).
Cardiac MRI To assess left ventricular morphology and function, short-axis retrospectively gated cine images covering the entire left ventricle (LV) were acquired. Image acquisition variables were as follows: repetition time=12.76 ms; echo time=1.6 ms; flip angle=50°; slice thickness=6 mm with a 0 mm gap between slices; matrix=138×192; field of view 195-270 mm; in-plane resolution 1.4×1.4 mm; and 25-28 ms temporal resolution with 35 reconstructed phases. Epicardial and endocardial border tracing of the short-axis cine images at the end of diastole and end of systole was performed using cvi 42 commercial software (Circle Cardiovascular Imaging, Calgary, AB, Canada) for determining end-diastolic and end-systolic volumes. The papillary muscles were included in all tracings. End systole was visually defined as the phase with the smallest LV volume. Left ventricular mass was computed as the product of end-diastolic myocardial volume and myocardial density (1.05 g/ml). Left ventricular concentricity was defined as the ratio between left ventricular mass and left ventricular end-diastolic volume.
Myocardial tissue tagging was applied to four evenly spaced, short-axis, retrospectively gated slices spanning the LV from base to apex, using a gradient echo sequence -Fast Low Angle Shot. Care was taken to select the most basal slice (without including the outflow tract) and the apical slice was prescribed 1 cm above luminal obliteration. Typical imaging variables included a slice thickness of 6 mm, 7 mm grid tags, echo time=1.8 ms, repetition time=20.6 ms, matrix=208× 150, flip angle=8°, field of view =195×270 mm 2 and an inplane resolution of 1.3×1.3 mm. Images were analysed using commercially available software (HARP, Diagnosoft, Palo Alto, CA, USA) to determine circumferential strain and left ventricular torsion (i.e. basal to apical net rotation). Tag analysis was fully automated, with user input limited to tracing the endo-and epicardium at a single end-systolic reference cardiac phase for each slice. Peak circumferential strain and peak circumferential strain rate in systole and diastole were derived by averaging the strain vs time curve for all four slices. LV twist was defined as the basal to apical angle difference (in°) throughout the cardiac cycle, with peak twist, peak twisting rate and peak untwisting rate selected appropriately from the twist-by-time curve. Peak torsion was derived by normalising LV twist to the distance between the basal and apical slices (twist/cm).
Cardiac MRS After anatomic imaging, the spectroscopic volume of interest (single voxel, 8×20×26 mm 3 , 4.5 ml) was positioned over the interventricular septum using the three perpendicular end-systolic cardiac cine images collected at end-expiration. During the acquisition of spectroscopic data, dogs were mechanically ventilated. Data acquisition was triggered simultaneously at the end of systole (via ECG gating) and the end of expiration [12] . Spectra were collected without water suppression and with the following variables: repetition time, approximately 4 s depending on heart rate, echo time= 35 ms; 1,024 data points over a 2,000 Hz spectral width; and 32 acquisitions. Spectroscopy data was processed using commercial software (NUTS, Acorn NMR, Fremont, CA, USA). The final calculation of fat and water signal intensities accounted for fat and water signal decay due to spin-spin relaxation. Myocardial triacylglycerol (mTG) content is expressed as a percentage of tissue water content [13, 14] .
MRI of abdominal fat distribution Total, subcutaneous, and intra-abdominal fat masses were determined from abdominal axial contiguous three-dimensional vibe images at the 20 cm region of the thorax, using the left renal artery branch from the abdominal aorta as a midpoint landmark. Typical imaging variables included slice thickness = 2.5 mm, echo time = 1.1 ms, repetition time=3.0 ms, matrix=256×136, flip angle=10°, field of view=400×212 mm 2 and in-plane resolution=1.56×1.56 mm. The abdominal image analysis was performed using sliceOmatic software (4.3 rev 10; Virtual Magic, Montreal, Canada) by a single experienced observer blinded to study condition. Fat depots were defined and per cent fat was calculated as previously described [15] .
Assessment of insulin action and insulin secretion
S I and AIR g were assessed using the frequently sampled IVGTT as previously described [16] . Briefly, overnightfasted animals were brought into the laboratory at 07:00 and a catheter was placed in a peripheral vein and secured as previously described [17] . After three fasting samples were drawn, 0.3 g/kg of glucose was injected into the peripheral vein. After 20 min, 0.03 U/kg of insulin was injected. Blood samples were taken frequently for determining glucose and insulin concentrations and were measured in duplicate. AIR g was calculated as the AUC of insulin from 0-20 min. S I was calculated using the minimal model [17] .
Statistical analysis
All data are expressed as the mean ± SEM. Mixed-model analysis was used to determine the effects of diet while controlling for time. Comparisons were made against the initial 
Salmon oil diet (+6 g/kg per day salmon oil)
Lard diet (+6 g/kg per day lard) Fig. 1 Schematic diagram of the experimental protocol. Numbers in brackets are the numbers of dogs assigned to each group baseline period within groups and between groups after 6 weeks of each diet. Pearson's correlation coefficients (r) were computed to assess relationships between variables. Individual values greater or less than twice the SD were considered statistical outliers and excluded from the analysis. Statistical analyses were conducted using Stata 13 MP (StataCorp, State College, TX, USA). Statistical significance was set at p<0.05.
Results

Lard feeding impairs insulin action
Baseline data are shown for each group of animals in Table 1 .
While there was a significant increase in food intake during week 1 for lard-fed animals, there was no difference between cumulative food intake over the study duration between dietary groups (±7% for both lard and salmon oil diets and ±4% for the control diet; p value, NS; Fig. 2a ). Lard feeding for 6 weeks led to a significant increase in body weight (Table 2 , Fig. 2b ) due to increases in both the visceral and subcutaneous fat depots (Table 2 , Fig. 2c-e ). In addition, lard feeding was associated with an increase in the fasting insulin level (Table 2 ) and a significant reduction in S I with a corresponding compensatory increase in AIR g (Fig. 3a, b) . The salmon oil supplemented diet induced significant overall weight gain and augmentation of both fat depots, similar to the lardsupplemented diet (Table 2 , Fig. 2b-e) . Notably, and in contrast to lard feeding, salmon oil feeding did not impair S I and led to a paradoxical reduction rather than increase in AIR g ( Table 2 , Fig. 3a, b) . 
Lard feeding impairs left ventricular cardiac function
The major novel finding of this study was that acute lard feeding significantly reduced left ventricular function, as evidenced by both increased circumferential strain (i.e. worsening of tissue deformation; Fig. 4h ) and impaired left ventricular torsion (Fig. 4i) . These alterations in cardiometabolic function were induced rapidly and became apparent after as little as 2 weeks of lard feeding (Fig. 5a-d) . The reduction in tissue deformation could not be explained by ectopic fat deposition in cardiomyocytes nor by any haemodynamic changes, as myocardial triacylglycerol content, heart rate and arterial BP remained unchanged from baseline to 6 weeks of lard feeding (Table 2) . Lard feeding did not adversely affect left ventricular morphology, as we observed no changes in left ventricular end-diastolic volume, mass or concentricity (mass:volume ratio; Table 2 ). In contrast with lard feeding, salmon oil feeding did not induce any changes in left ventricular function (Table 2 , Fig. 4 ). However, we did see a significant reduction in myocardial triacylglycerol levels after salmon oil feeding compared with baseline. We also observed an increase in LV mass with salmon oil feeding; however, this change was proportionate to a change in LV end-diastolic volume (p valu e , N S ) , p r o b a b l y r e f l e c t i n g h e a l t h y c a r d i a c remodelling. Horizontal black lines indicate the mean. *p<0.05 for diet vs baseline, effect of the condition; † p<0.05 for lard diet vs salmon oil diet, pairwise comparison based on mixed effects model. (e-g) MRI images of three representative dogs after 6 weeks of (e) control, (f) salmon oil or (g) lard diets. W, week 
Relationship between insulin action and cardiac function
We sought to determine whether there was a relationship between left ventricular function and metabolic changes in the dietary groups. Though there was no direct relationship between cardiac function and S I , there was a significant correlation between left ventricular systolic function and AIR g , such that impairments in LV function (i.e. increased circumferential strain and reduced left ventricular torsion) were associated with increases in acute insulin secretion (LV circumferential strain: r=±0.45, p=0.023; LV torsion: r=−0.48, p=0.013), suggesting a relationship between, or at least a common cause of, cardiac and metabolic impairments (Fig. 6a, b) .
Discussion
Left ventricular function and S I were impaired following acute feeding with a diet high in saturated fat (lard), which is our standard protocol to develop insulin resistance in this model. In sharp contrast, the impairments in S I as well as in cardiac function were completely absent when supplementing isocalorically with a diet high in PUFAs (salmon oil). These data highlight the importance of dietary composition on both metabolic and cardiac function.
The finding that lard feeding caused marked reductions in left ventricular tissue deformation but did not impair global ventricular function is striking but consistent with a growing body of literature. Kramer et al reported impairments in left ventricular strain and twist mechanics in a fat-fed rodent model of dietary obesity [18] . As in our study, these subclinical changes preceded any reduction in ejection fraction or gross morphological changes. Our data are also consistent with a growing body of cross-sectional clinical studies documenting early left ventricular strain abnormalities in the absence of global morphological or functional derangements [19] [20] [21] [22] [23] . We now build on these previous studies by reporting that the onset of left ventricular dysfunction is rapid-occurring as early as 2 weeks on a high-fat diet-and occurs in the face of modest, rather than drastic, weight gain. Rodent models of dietary obesity are often criticised for producing supraphysiologic changes in body weight; however, in our large animal model, the dogs gain a modest amount of weight on a high-fat diet, which more closely reflects human obesity.
The exact mechanism(s) responsible for the cardiac dysfunction observed in lard-fed dogs remain to be elucidated. Hypertension is commonly observed in obesity, and often develops in dogs fed a diet extremely high in fat [24] [25] [26] [27] . However, in the present investigation we did not observe any changes in BP, possibly because the level of obesity achieved in our dogs was much lower than that described in studies in which hypertension developed [26, 27] . Cardiac steatosis is also regarded as a potential mechanism for cardiac dysfunction in obesity and diabetes [28] . Recent MRI and spectroscopic analysis of rats fed a high-fat diet indicated that an accumulation of lipid in the myocardium was associated with impaired cardiac function [29] . Indeed, derangements in lipid metabolism due to accumulation of myocardial triacylglycerol can impair cardiac function and performance [28, [30] [31] [32] [33] [34] . However, we did not observe any increase in myocardial triacylglycerol in response to lard feeding, suggesting that its presence is not essential for impaired cardiac function in response to a high-fat diet. As discussed, the lack of steatosis may be a consequence of the modest weight gain observed in our animals compared with the more drastic obesity and ectopic lipid accumulation reported in rodent models fed a highfat diet [34] .
Hyperglycaemia and/or hyperinsulinaemia could lead to derangements in cardiac function [35] . While fasting glucose was unaffected by the lard diet, fasting insulin was increased in response to lard feeding. Although no direct relationship was found between altered cardiac function and increased fasting insulin, we cannot rule out the possibility that fasting hyperinsulinaemia plays a role in the alteration of heart muscle function. In addition, we observed a significant increase in early insulin response during the IVGTT in lard-fed animals only; this is consistent with our previous reports that hyperinsulinaemic compensation is a normal response to insulin resistance induced by a lard-fat diet [9] . Although traditionally considered a healthy response to acute insulin resistance, long-term hyperinsulinaemic compensation has been suggested to play a role in eventual beta cell failure and the loss of insulin secretory ability that occurs during diabetes disease progression [36] . Correspondingly, hyperinsulinaemia in conjunction with insulin resistance may lead to impairments in cardiac function due to reduced insulin signalling, mitochondrial function and impaired altered substrate oxidation in the heart [37] . More studies are required to improve our understanding of the mechanisms responsible for the present cardiac impairments. By substituting lard for salmon oil in our traditional diet, we avoided both the impairment in S I and the derangements in cardiac tissue deformation. Insulin resistance induced by lard feeding may share a common aetiology with the cardiac dysfunction observed in the present investigation. Elevated circulating NEFAs are thought to induce cellular insulin resistance in metabolic tissues [38] , even in the absence of ectopic fat. Specifically, elevated NEFAs can lead to insulin resistance in skeletal muscle by inhibiting glucose transport/ phosphorylation and subsequently reducing glucose oxidation [39] . In addition, NEFA infusion induces insulin resistance and impairs mitochondrial function in the skeletal muscle of healthy human individuals [40] . Since mitochondrial fatty acid oxidation is responsible for nearly all of the total energy produced in cardiomyocytes, a reduction in mitochondrial function due to elevated NEFAs may represent a link between the metabolic and cardiac impairments observed in our present model. We previously showed that lard feeding in dogs leads to a drastic increase in circulating NEFAs levels at night [41] , a phenomenon which also occurs during insulin resistance induced by sleep restriction in humans [42] . However, we did not measure nocturnal NEFAs in this study and therefore future studies are necessary to determine the role, if any, of NEFAs in the observed impairments in cardiac function. It remains important to focus on elevated nocturnal NEFA levels as a possible cause of the development of various metabolic defects, including cardiac ones.
Likewise, it is possible to speculate that salmon oil itself may be cardioprotective. Salmon oil contains nearly three times more PUFAs compared with lard, the majority of which come from the n-3 subclass that is thought to have protective properties with respect to cardiac function and outcomes [10] . Whether left ventricular function and S I would be preserved during high-fat feeding with lard plus an additional salmon oil supplementation is unknown and warrants further study.
As discussed, we observed an increase in AIR g with lard, but a surprising reduction with salmon oil. We previously suggested that the elevated nocturnal NEFA levels observed during lard feeding may play a role in signalling hyperinsulinaemic compensation during a high-fat diet [41] . In that sense, increased NEFAs may act as a double-edged sword-causing insulin resistance while signalling the appropriate compensatory beta cell response. While the salmon oil diet is not associated with insulin resistance or cardiac dysfunction, it may not provide the necessary signal to beta cells to upregulate insulin response. Future studies will be directed at identifying the signal responsible for insulin resistance, cardiac dysfunction and enhanced insulin secretion in the early stages of diet-induced obesity.
Limitations
The present investigation was limited to non-invasive measures of cardiac function. MRI is, however, the goldstandard imaging tool for both cardiac morphology and function, and tissue tagging is a superior predictor of outcomes in patients with cardiovascular disease [43, 44] . Our ability to detect subclinical changes in left ventricular function highlights the strength of this approach. Indeed, magnetic resonance tissue tagging provides an important window of opportunity to launch therapeutic interventions before a point of irreversible cardiomyopathy has been reached. The stability of the cardiac measurements in our control group provides further support for the use of this methodology, particularly under the present experimental conditions.
In the present investigation, torsion is reported as the gradient in twist between the LV base and apex, over a specific distance (i.e. between the base and apex). However, there is currently no universally accepted standard method for reporting torsional motion nor standard procedures for calculating it [45] . We chose to report torsion as twist per unit length because this takes the relative slice locations, which could have influenced our longitudinal results, into consideration. Other investigators have reported torsion as the shear angle [46] or as shear strain [47, 48] , both of which are thought to more appropriately scale between hearts of different sizes (e.g. mouse vs human) and can be calculated at any point in the ventricle. These latter approaches are typically computed using locally developed software (e.g. Matlab environment) that is not accessible to the general community. In this investigation, we used a well-established, commercially available, US Food and Drug Administration approved software package to measure both circumferential strain and LV torsion, thus allowing our results to be compared with those of other studies using identical processing methods. This software does not compute shear strains and/or angles and therefore these data are not reported. Owing to technical limitations, we were unable to collect cardiac tissue samples during these studies, and thus were unable to investigate which specific molecular mechanisms such as increased inflammation, elevated reactive oxygen species or impaired mitochondrial function in cardiac tissue are responsible for the observed functional impairments after lard feeding. Future studies will need to address this specific limitation to examine the mechanisms by which lard, but not salmon oil, induces impairments in cardiac function.
In a well-established canine model of moderate obesity and insulin resistance, we have demonstrated that left ventricular function is impaired following lard feeding prior to any global cardiac function impairments. There is a growing appreciation of, as well as evidence for, subclinical heart disease and/or cardiac dysfunction in obese patients, and our findings add to the general understanding of prevalent pathology. Given the incidence of obesity and the lack of important studies investigating heart disease using cutting edge technology in both obese patients and animal models, our findings advance the understanding of the development of pre-clinical cardiac dysfunction in diet-induced obesity, and provide novel insights into the role that dietary fat composition plays on cardiac tissue deformation and metabolic outcomes.
